Proteins involved in a pathway are likely to evolve in a correlated fashion, and coevolving gene families tend to undergo complementary gains and losses. Accordingly, gene copy numbers (i.e., repertoire size) tend to show parallel changes during the evolution of coevolving gene families. To test and verify this hypothesis, here we describe positive correlations among the repertoire sizes of six gene families, that is, trypsin-like serine protease, odorant-binding protein, odorant receptor, gustatory receptor, cytochrome P450, and glutathione S-transferase after excluding the possibility of phylogenetic constraint and random drift. The observed correlations are indicative of parallel changes in the repertoire sizes of the six gene families that are due to similar demands for the quantity of these different genes in different lineages of Drosophila. In conclusion, we propose that the correlated evolution among these six gene families in Drosophila is a signature of a parallel response to ecological adaptation.
Correlated evolution is commonly observed when traits are functionally related. For example, comparative genomic and phylogenetic studies, for example, phylogenetic profiling (Pellegrini et al. 1999) , have indicated that correlated evolution is commonly observed among different proteins that function in a pathway (Pazos and Valencia 2008) . Functionally related genes often show similar responses to evolutionary pressures, functional specificities, and phylogenetic tree topologies (Fryxell 1996; Pazos and Valencia 2008) .
Coevolving gene families having related functions tend to undergo complementary gains and losses (Fryxell 1996) . Accordingly, gene copy numbers (i.e., repertoire size) may show parallel changes during the evolution of coevolved gene families. To test this hypothesis, here, we illustrate changes in the repertoire sizes of six gene families: odorant-binding protein (OBP), odorant receptor (OR), gustatory receptor (GR), trypsin-like serine proteases (Tryp_SPc), cytochrome P450 (CYP450), and glutathione S-transferase (GST) in 12 Drosophila genomes (Clark et al. 2007 ) and analyze the pattern of changes during the evolution of Drosophila. The principal reason for choosing these six gene families are that many proteins in these families have related functions.
Many Tryp_SPc have direct roles in the digestion of food (Rawlings and Barrett 1994; Wu et al. 2009 ). CYP450 and GSTs are two classes of the major enzymes responsible for the detoxification of toxic compounds contained in or produced from food (Tijet et al. 2001; Ranson et al. 2002; Low et al. 2007; Chung et al. 2009 ). The above three gene families have related functions in the digestion and processing of food. ORs, GRs, and OBPs play roles in chemosensory perception, a process important in the finding and identification of good (edible) food and in the avoidance of poisonous food (Nei et al. 2008) . Chemosensory information during digestion also plays an important role in the regulation of various aspects of gastrointestinal functions, such as the secretory activity of gastrointestinal glands, resorptive activity, motility and blood supply of the intestinal tract, and satiation (Hofer et al. 1999) . Chemical stimulants in the intestinal lumen can stimulate neural afferent pathways, especially the intestinal vagal sensory afferent fibers and increase the release of gastrointestinal hormones from enteroendocrine cells in the intestinal epithelium (Hofer et al. 1999) . The sizes of these six gene families are also very large in Drosophila thus can evolve dynamically yielding changes ª The Author(s) 2011. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/ 2.5), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. in repertoire size that can easily be detected. Therefore, we hypothesize that the sizes of these gene families may evolve in a correlated fashion.
Positive Correlations among the Repertoire Sizes of These Gene Families
To conduct the analysis, we determined the sizes of the Tryp_SPc and CYP450 genes repertoires by using Blast to search the genomes of the 12 Drosophila species followed by gene prediction and refinement (see Materials and Methods in the supplementary materials, Supplementary Material online). In addition, we used the gene repertoire sizes that were determined for the GST, OR, OBP, and GR gene families from previous studies (Low et al. 2007; Vieira et al. 2007; Gardiner et al. 2008; Nei et al. 2008) . These analyses showed that Drosophila genomes contain on average approximately 240, 50, 60, 65, 35, and 90 members for the Tryp_SPc, OBP, GR, OR, GST, and CYP450 gene families, respectively (supplementary table S1, Supplementary Material online) and that these gene numbers were variable ( fig. 1 ). When we focused on only intact (i.e., potentially functional) genes, positive correlations in number of genes in the six gene families were found in the 12 Drosophila species (table 1, fig. 1 ), that is, a species which had a gene family with a large size tended to have larger sizes for all of its other gene families. This observation suggests that parallel changes in the quantity and, thus potentially the demand for, products of each of these different gene families occurred during the evolution of Drosophila. When gene family size was considered in a pairwise manner, two pairs (Tryp_SPc-CYP450 and Tryp_SPc-OR) failed to show a clear significant correlation (P 5 0.186 and P 5 0.177), four pairs showed a correlation that almost showed statistical signif-
, whereas the remaining nine pairs showed statistically significant positive correlations in gene family size, that is, OBP-Tryp_SPc (P 5 0.001), GR-OBP (P 5 0.025), GR-OR (P 5 4.62 Â 10 fig. 1 ). After using a false discovery rate controlling procedure for multiple testing, eight pairs still show significant correlations: Tryp_SPc-OBP, Tryp_SPc-GST, OBP-GR, OBP-GST, GR-OR, CYP450-GR, OR-GST, and CYP450-OR. Using a Bonferroni correction for multiple testing, a more conservative method in which the P values are multiplied by the number of comparisons, four pairs continued to show significant correlation: Tryp_SPc-OBP, GR-OR, CYP450-GR, and CYP450-OR.
An association of traits across species could suggest a common evolutionary force. However, due to phylogenetic constraints, closely related species should be more similar to each other than to more distantly related species. Therefore, we evaluated the contribution of phylogenetic inertia to the evolution of the sizes of the six gene families using a series of phylogenetic comparative methods. First, we used Moran's autocorrelation index I (Gittleman and Kot 1990) . The size of only the Tryp_SPc gene family showed evidence of phylogenetic autocorrelation (P 5 0.033) (supplementary table S2, Supplementary Material online). The phylogenetic dependency of the Tryp_SPc gene family was also supported by the phylogenetic eigenvector regression method (P 5 0.012) (Diniz-Fi et al. 1998) . We also employed four complementary tests from orthogram to diagnose the phylogenetic dependency (Ollier et al. 2006) , and the statistics generated from these tests support only a slight role for phylogenetic history and suggest evolutionary independence among these gene families (supplementary table S3, Supplementary Material online). Furthermore, to correct for any bias introduced by phylogenetic inertia, we conducted a phylogenetic-independent contrast analysis to deduce the values of the ''contrasts,'' which are statistically independent, for the six gene families, and found that 8 of the 15 pairs of gene families retained significant correlation in their gene family sizes, that is,
To determine whether the observed positive correlation in gene family size could simply be caused by random changes in the sizes of the gene families, we conducted a genomewide analysis of the correlation of the sizes of each of the six gene families with the sizes of other gene families found in Drosophila genomes. Hahn et al. (2007) had previously described the gene families that exist in the 12 near complete Drosophila genomes, and for our analysis, we used 149 of these gene families that have one or more gene in each of the genomes and five or more genes in at least one species. We then computed the Pearson correlation coefficients between the sizes of each pair of gene families in the 12 Drosophila and used this as an empirical data set. When we examine the correlation coefficients between our six gene families (Tryp_SPc, OBP, OR, GR, CYP450, and GST), we found that 6 of 15 pairwise coefficients (OBP-Tryp_SPc, GR-OR, Tryp_SPc-GST, GST-OBP, CYP450-GR, and CYP450-OR) were higher than the 95th percentile rank value of the empirical data (which is 0.682), significantly more than that expected by random from the empirical data (v 2 5 38.23, P 5 6.30 Â 10
À10
, degrees of freedom 5 1). However, the gene families in Hahn et al. (2007) were assembled by a modified reciprocal BlastP method using the annotated protein sequences of Drosophila, which would result in the loss of many genes especially in large gene families. To further address the issue as to whether random evolutionary process could produce the correlations of repertoire sizes among the six gene families, we simulated the gene numbers in the 12 extant Drosophila species under a stochastic birth-and-death evolutionary process with 100 replications for each of the six gene families (Hahn et al. 2005; ) (see Materials and Methods in the supplementary materials, Supplementary Material online). We found that six of the gene family pairs still showed positive correlation that were significantly higher than that from those generated by our simulations, that is, CYP450-GR, CYP450-OR, OBP-Tryp_SPc, OBP-GST, Tryp_SPc-GST, and OR-GR. These results further support our conclusion that the correlated changes in these six gene family sizes is not due to a random process.
Potentially correlated changes in gene family size could simply be due to parallel changes in genome sizes (i.e., all gene families in bigger genomes will likely be larger) or gene number content (i.e., genomes with a greater number of genes likely have larger gene families). When we considered these possibilities, we found that neither of them could explain the correlations that we observed for our six gene families (table 3) , that is, we found that the sizes of our six candidate gene families do not correlate with either genome size or genome gene number. The failure of the sizes of these six gene families to be correlated to genome size or genome gene number suggests that the correlated evolution of the six gene families is not due to genomic causes.
Gene copy number variation is considered to be a pivotal factor underlying the complexity of functional traits Hahn et al. 2007) . Comparative genomic analyses have demonstrated that large disparities in the number of genes involved in same functional processes occur among organisms (Hahn et al. 2007) , suggesting that changes in gene numbers may explain differences in specific traits between species. In addition, functionally related gene families often demonstrate similar evolutionary pressures, functional specificities, because natural selection tends to retain functionally complementary gene gains and losses on these gene families (Fryxell 1996; Pazos and Valencia 2008) . Our observation of a positive correlation in the sizes of the repertoire of six specific gene families (Tryp_SPc, GR, OR, OBP, GST, and CYP450) indicated that a similar and parallel demand for these families exists among Drosophila.
What Are the Potential Forces Driving the Correlated Evolution?
Coevolving proteins are subject to common evolutionary constraints and show higher level of similarity of evolutionary pattern than those of unrelated proteins. Here, the observed correlated evolution of gene families is suggestive that proteins in these gene families interact in a network or play related roles in the same pathway. GR, OR, OBP, Tryp_SPc, GST, and CYP450 indeed do have related functions, linked by chemosensory perception and diet. We believe that this may be the common link and we do not know of any other (nondiet) common physiological process that links these proteins.
Chemosensory perception contributes profoundly to the fitness of an organism through processes such as smell and taste, which are involved in behaviors such as the finding and identifying food, choosing mates, facilitating communication, taking precaution against predators, and avoiding toxins (Nei et al. 2008) . Peripheral chemosensory perception in insects is performed by several groups of multigene families including the olfactory and GRs. It has been demonstrated that GR display a pattern of evolution similar to that seen for the OR genes (Gardiner et al. 2008) . OBPs were proposed to recognize odorants in the environment and shuttle them to underlying olfactory receptors (Pelosi 1994) . Therefore, GR, OR, and OBP are joined together by their functions in the chemosensory perception. We proposed that chemosensory perception is one of the potential forces driving the correlated evolution of these three gene families.
Food is a powerful driving force in the evolution of species. Many Tryp_SPc play important roles in the digestion of food (Rawlings and Barrett 1994) . CYP450 and GSTs are two classes of the major enzymes responsible for the detoxification of toxic compounds contained in or produced from food (Tijet et al. 2001; Ranson et al. 2002; Low et al. 2007; Chung et al. 2009 ). After food is selected and NOTE.-Correlation coefficients for each gene family with genome size (top) and log 10 -transformed numbers of protein coding sequence (bottom). The significance of the coefficients is shown on the right (P value). The log 10 -transformed numbers of protein coding sequences was obtained from Drosophila 12 Genomes Consortium (Clark et al. 2007 ).
ingested, it must be digested to release nutrients, and here, adaptation of the Tryp_SPc family of proteases may have a role. Food is also known to contain, or can be metabolized into, toxic compounds, thus adaptation of the GST and CYP450 families may occur to deal with novel diet-related toxins. Therefore, functions for food join Tryp_SPc, GST and CYP450 together; and roles in diet may be a force driving the correlated evolution of these three gene families. In addition, the ORs, OBP, and GRs are involved in the sensing (finding and selection) of food, which may explain the correlation among the six gene families. However, we did not find strong evidence of correlation for some pairs, for example, Tryp_SPc-OR, Tryp_SPc-CYP450, which may be consequence of the fact that many genes in these families, especially Tryp_SPc, play roles in other unrelated pathways that are not related to food. We think that the correlations that we observed are attributed to those proteins within these families that have functions with food and chemosensory perception, such as food selection, finding, digestion, and detoxification and not due to those proteins within these families that have other functions. In addition, in contrast to the expectations of an adaptationist theory, a substantial portion of the chemosensory perception receptor gene repertoire appears to have been generated by genomic drift, a random process of gene duplication and deletion (Nozawa et al. 2007; Nei et al. 2008 ), which will also influence and confuse correlated evolution.
In conclusion, our observation of correlated changes in the sizes of gene families is better explained by adaptation driving correlated evolution of these gene families during the evolution of Drosophila because these gene family have correlated functions, such as for chemosensory perception and diet, with these results being consistent with a recent study proposing that ecological adaptation determines the functional mammalian olfactory subgenomes (Hayden et al. 2010) .
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